Chloroform is a known contaminant of chlorinated drinking water and of swim- 
Chloroform is a known contaminant of chlorinated drinking water and of swim- (1) (2) (3) (4) through reactions involving natural organic substances present in raw water. Major THMs include chloroform (CHCI ), bromodichloromethane (CHCl2BrI, dibromochloromethane (CHClBr2), and bromoform (CHBr3) (5) . CHC13 is generally the most abundant of all THMs, and its toxic effects have been studied extensively. Because CHC13 has been shown to be carcinogenic in laboratory animals (6, 7) , there is concern over long-term human exposure to this solvent.
The total amount of THMs in a swimming pool is related to the concentration of THMs already present in water and the quantity of THMs produced in the swimming pool itself (8) . For the latter, the principal variables are chlorine dosage, concentrations of organic precursors (principally of human origin) and bromide ion concentration, resulting essentially in the formation of CHBr3 (8) . In freshwater swimming pools, CHC13 is clearly the most abundant contaminant.
Several authors have documented significant quantities of CHC13 in swimming pools (8) (9) (10) (11) (12) (13) (14) . In general, concentrations varied between 50 and 300 pg/l. However, some pools contained levels ranging between 700 and 1000 pg/l (8) .
Because CHC13 is volatile, it will also be present in ambient air of indoor swimming pools. Lahl et al. (8) documented concentrations varying between 36 and 241 Pg/m3 in the air of eight indoor swimming pools in Germany, whereas Aggazzotti et al. (12, 14) noted levels ranging from 410 nmol/m3 (51 Pg/m3) to 5445 nmol/m3 (680 pg/m3). In addition to the concentration of CHC13 in water, CHC13 levels in indoor swimming pool air will be influenced by the number of swimmers and the turbulence caused by their movements, water and air temperature, as well as the amount of ventilation (8) . Air concentrations are greatest at the water surface and decrease progressively as the distance from the water increases (8) . Water ingestion occurs during swimming (50 ml for an adult) (8) , but swimmers are mainly exposed to CHC13 through pulmonary and dermal routes.
Swimming is a popular activity. In Canada, it is ranked third among preferred physical activities after walking and gardening (15) , and is enjoyed by 46% of the population aged 10 years and older (15) . In addition, there are currently 14,000 swimmers registered with "SwimmingCanada," many of them spending several hours per week in a pool. The same may be said for instructors, lifeguards, and maintenance personnel of indoor swimming pools. Few data exist on CHC13 exposure, not only for the population in general, but also for these high-exposure groups.
To our knowledge, few studies have evaluated the CHC13 body burden from swimming. Aggazzotti et al. measured CHC13 plasma levels in 127 adults after they visited indoor swimming pools (12) . The subjects were classified into three groups: competitive swimmers, swimmers taking lessons, and visitors. Although water levels were relatively low (18- the compressor used to fill the tanks was tested and found free of CHCl3 and the subjects did not breath air from the pool during this session.
During a pretest, we verified the homogeneity of water concentrations and validated our calculations as to the volume of pure chloroform needed to achieve the required concentrations. Then CHCl3 concentrations in pool water were controlled. Each day, once the swimmers had left after the exercise period, the amount of CHCl3 was increased so that a slightly higher concentration was obtained for the next period. CHC13 (Aldrich, Canada) was injected into the pool water using a highvolume pump (Gilian, HFS-1 13A) connected to a tygon tube equipped with a branch pipe and a funnel. The tube was positioned in the middle of the swimming pool and secured to the bottom with a fixed weight.
During each exercise period, we collected three alveolar air samples from subjects (before exercise, after 35 min, and at the end of the 55-min session). Differences between CHCl3 concentrations measured at 35 or 55 min and those determined at the beginning of exposure yielded estimates of body burden resulting from swimming for the two corresponding periods (A35 and A55). Measurement of alveolar air CHC13 was preferred over plasma CHCl3 because air sampling was more practical, less invasive, and allowed for adequate sensitivity during low-level exposures. Other researchers have reported this measurement to be an excellent indicator of CHC13 body burden (14, 1X').
We measured aqueous and ambient air CHC13 concentrations every 10 min during the study time in the middle of the swimming pool. Air and water samples were collected respectively from the respiratory zone of the subjects and at a water depth of 20 cm.
We collected environmental samples according to Aggazzotti et al. (12) . Alveolar air was sampled according to the following protocol. After taking in a deep breath and holding it for 20 sec, the subject exhaled into an inhalotherapy tube attached to a rubber fitting connected to a 30-ml sampling syringe. Exhaled air exited by two holes made in front of the piston located at the end of the syringe. Before the end of exhalation, the piston was positioned to obstruct the holes and to collect a sample volume (20 ml 0.25 mm, capillary column U&W Scientific). Helium (14 psi) served as the carrier gas. Detection limits determined using three times the standard deviation of the blank were 0.5 pg/l for water and 10 ppb for ambient and alveolar air. CHC13 concentration measurements were linear for water from 0 to 800 pg/l, and for environmental and alveolar air from 0 to 1000 ppb. The total coefficient of variation for the two methods of measurement during the study was 6.5% for water and 18.5% for gaseous samples. Accuracy was verified by analyzing samples in an external, certified laboratory. The identity of chromatographic peaks was verified by mass spectrometry.
We established a correlation between alveolar and plasma CHCl3 concentrations by plotting 20 6 (dermal exposure route only). Hence, the average proportion of body burden that was due to inhalation route was 76% (SE = 3%) at 35 min and 78% (SE = 7%) at 55 min.
Given the strong influence of environmental CHC13 levels (water and air) on body burden, the relationship between ln Tables 2 and 3 . The natural logarithm of the dependent variable (lnA35, lnA55) was used to correct heteroscedasticity problems. This also allowed for a better description of the relationship with aqueous (Table 2) as well as environmental air (Table 3) CHC13 concentrations. For sake of clarity, f coefficients for the variable "subject," of which there are 11, i.e., one per "subject," were not included in Table 2 and 3. This variable was not statistically significant (p = 0.07) in the model describing the relationship between lnA35 and environmental air CHC13 concentration (see Table 3 ). Table 1 indicates that A35 is essentially equivalent to A55 when aqueous CHCl3 levels range between 158.6 ppb and 307.1 ppb, indicating that the equilibrium between elimination and absorption has been reached. However, at levels greater than 500 ppb (days 5 and 7), body burden seems to increase with duration of swimming. This might reflect saturation of biotransformation pathways and accordingly a longer half-life of elimination. Coefficients for aqueous CHC13 concentration and intensity of physical activity were similar in both lnA35 and lnA55 models. aResults from day 6 with scuba equipment were excluded. aResults from day 6 with scuba equipment were excluded.
Discussion
Highly significant relationships were also noted between ln A35 and ln A55 and environmental air CHC13 levels (Table 3) .
Again, [ coefficients were identical in both models. The variable "intensity" was also statistically significant, explaining up to 15% of body burden variation. The J coefficients were negative, suggesting that the intensity of the physical activity has a negative influence on the body burden. This contradicts models including aqueous CHC13 as an independent variable (see Table 2 ) and data from Table 1, both showing a positive correlation between intensity of exercise and body burden.
However, the models using aqueous CHC13 (Table 2) are likely more valid than those using ambient air CHCl3 (Table 3) . First, the variation of the dependent variable is better explained. Simple linear regressions illustrated in Figures 2 and 3 show that body burden at 35 and 55 min are better correlated with the aqueous CHC13 levels than with air concentrations. Second, precision of laboratory measurements of aqueous CHC13 is much greater than that of air samples (see Methods). In addition, the small-volume air samples (20 ml) collected periodically from the respiratory zone of the swimmers may have been contaminated by water droplets from splashing caused by the swimmers' movements (14) . Continuous Table 3 ). However, contrary to our results, the aqueous CHCI concentrations were not correlated to alveolar CHC13 levels. This is probably due to the limited range of aqueous CHC13 concentrations documented by Aggazzotti and co-workers (14) , with all but one value between 159 and 369 nmol/l (19-44 jig/1).
Jo and co-workers (17, 20) showed an average increase in alveolar air CHC13 concentration of 13 pg/m3 (2.7 ppb) and a correlation between alveolar air CHC13 levels and aqueous CHCI3 levels (r = 0.85) among 6 subjects who took 13 showers (10-min shower, 400C water, use of soap and shampoo) (17, 20 
where Dd = CHC13 dose from a dermal exposure (pg/kg boby weight); and F = ratio of the body burden from dermal exposure to body burden from inhalation exposure (0.93) (16 (20) .
Using the same rationale, we calculated doses associated with swimming in an indoor swimming pool, using CHC13 concentrations documented on the first day of our study, which are representative of levels frequently documented in public swimming pools (8) (9) (10) (11) (12) (13) . Assuming a breathing rate of 0.03 m3/min, equivalent to moderate physical activity (45% maximum capacity), and a ratio of body burden from dermal exposure to that from inhalation exposure of 0.30, we estimated at 65 pg/kg/day the total CHC13 dose from a 1-hr swim (50 pg/kg/day for inhalation exposure and 15 pg/kg/day for dermal exposure). Under these conditions, CHC13 dose resulting from a 1-hr swim (65 pg/kg/day) is 141 times greater than that for a 10-min shower (0.46 pg/kg/day) and 93 times greater than exposure by tap water ingestion as demonstrated by Jo and co-workers (17) . This conclusion is supported by the large difference between body burden from showering (2.7 ppb) (17) and that resulting from 55 min of swimming (103.9 ppb) during day 1 of our study.
Our results suggest that THM standards for drinking water (5, 21, 22) (Table  4 (22) ical variables (height, weight, fat %), data from our study, which links water and air concentrations to body burden (alveolar CHC13), may certainly be used to further refine and validate such a model. Our study shows clearly that swimming is an important source of exposure to CHC13, through both inhalation and dermal routes. Using the relationship between lnA55 and CHC13 concentration in swimming pool water (see Fig. 2 ), body burdens corresponding to 100 pg/l, 200 pg/l, and 400 pg/l are, respectively, 95 ppb, 157 ppb, and 426 ppb. Although this relationship will be influenced by pool size and ventilation rate, results obtained are representative of the prevailing conditions in many other similar indoor swimming pools. It may be possible to exert tighter controls on chlorination practices, thereby decreasing the formation of chlorination by-products, including CHC13, while still preserving microbiological water quality. Ozonation and electronic purification devices may also prove to be valid alternatives.
